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Host-Derived Metabolites Modulate Transcription of Salmonella
Genes Involved in L-Lactate Utilization during Gut Colonization

Caroline C. Gillis, Maria G. Winter,2 Rachael B. Chanin,2 Wenhan Zhu,? Luisella Spiga,?

2Department of Microbiology, University of Texas Southwestern Medical Center, Dallas, Texas, USA

ABSTRACT During Salmonella enterica serovar Typhimurium infection, host inflam-
mation alters the metabolic environment of the gut lumen to favor the outgrowth
of the pathogen at the expense of the microbiota. Inflammation-driven changes in
host cell metabolism lead to the release of L-lactate and molecular oxygen from the tis-
sue into the gut lumen. Salmonella utilizes lactate as an electron donor in conjunction
with oxygen as the terminal electron acceptor to support gut colonization. Here, we in-
vestigated transcriptional regulation of the respiratory L-lactate dehydrogenase LIdD in
vitro and in mouse models of Salmonella infection. The two-component system ArcAB
repressed transcription of L-lactate utilization genes under anaerobic conditions in vitro.
The ArcAB-mediated repression of /ldD transcription was relieved under microaerobic
conditions. Transcription of /ldD was induced by L-lactate but not p-lactate. A mutant
lacking the regulatory protein LIdR failed to induce /ldD transcription in response to
L-lactate. Furthermore, the lldR mutant exhibited reduced transcription of L-lactate
utilization genes and impaired fitness in murine models of infection. These data pro-
vide evidence that the host-derived metabolites oxygen and L-lactate serve as cues
for Salmonella to regulate lactate oxidation metabolism on a transcriptional level.

KEYWORDS Salmonella, gut inflammation, microbiome

almonella enterica serovar Typhimurium is an enteric pathogen that causes sub-

acute, self-limiting gastroenteritis in the immunocompetent host (1). S. Typhimu-
rium virulence is primarily mediated by two distinct type 3 secretion systems. The type
3 secretion system encoded by Salmonella pathogenicity island 1 (2) enables S. Typhi-
murium to invade cultured epithelial cells and the mucosa of infected animals (3, 4). A
second type 3 secretion system, encoded by Salmonella pathogenicity island 2, enables
intracellular replication inside of macrophages (5, 6) and is required for full viru-
lence in murine and bovine models of infection (7-9). Both type 3 secretion systems
are required for efficient induction of host inflammatory responses. Development of
inflammation drives changes in the microbiota composition (dysbiosis), including an
expansion of the pathogen population (10, 11). Increased colonization of the intestinal
tract by Salmonella enhances fecal shedding and host transmission through the fecal-
oral route (12, 13).

The onset of intestinal inflammation changes the metabolic environment of the gut.
Recent studies have shown that inflammation leads to the production of the terminal
electron acceptors nitrate (14, 15) and tetrathionate (16), as well as leakage of oxygen
from host tissue into the gut lumen (13). The availability of electron acceptors supports
the outgrowth of S. Typhimurium, which is capable of anaerobic and aerobic respira-
tion. In contrast, the microbiota mostly consists of obligate anaerobes that cannot use
these electron acceptors. Exogenous electron acceptors allow S. Typhimurium to run a
complete, oxidative tricarboxylic acid cycle (17). This in turn facilitates the catabolism
of poorly fermentable carbon sources, such as ethanolamine and succinate (17, 18).
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Gillis et al.

Recently, we have shown that host-derived L-lactate serves as a nutrient source during
S. Typhimurium expansion in the inflamed gut (19).

Under homeostatic conditions, nondigestible polysaccharides are fermented into
the short-chain fatty acid butyrate by members of the class Clostridia. Butyrate is
oxidized as the primary carbon and energy source for intestinal epithelial cells, a
process which consumes oxygen and which keeps the gut lumen anaerobic (20, 21).
Butyrate is also a cue for the transcription factor PPARy, which controls the central
metabolism of epithelial cells and drives their metabolism toward oxidative metabolism
(13, 19, 22). During S. Typhimurium infection, inflammation results in a depletion of
butyrate-producing Clostridia from the gut as a part of gut microbiota dysbiosis (10, 13).
Butyrate deprivation alters host cell metabolism, leading to leakage of oxygen and
L-lactate into the gut lumen (13, 19). The respiratory L-lactate dehydrogenase LIdD
facilitates degradation of host-derived L-lactate in a stereospecific manner (19). The
terminal electron acceptor for L-lactate utilization is host-derived oxygen, as lactate
oxidation is entirely dependent on the cytochrome bd oxidase CydAB (19). Since
L-lactate and oxygen become available in the gut through the same mechanism, i.e.,
inflammation-associated changes in host metabolism, lactate oxidation by the LIdD-
CydAB electron transport chain constitutes a disease-specific metabolic module that
contributes to S. Typhimurium outgrowth through manipulation of host metabolism
(19).

Here, we investigated how L-lactate utilization is regulated during S. Typhimurium
infection in the murine gut. LIdD is encoded in an operon that contains other genes
with putative functions in L-lactate utilization. The first gene in the operon, /ldP,
encodes a putative L-lactate permease. The second gene, IldR, encodes a putative
regulatory protein. The gene products of /[dPRD in S. Typhimurium 14028 exhibit
considerable sequence identity at the amino acid level to the orthologues in Escherichia
coli K-12 MG1665 (94%, 86%, and 94% for LIdP, LIdR, and LIdD, respectively). While
some work has been done to understand the regulation of the homologous operon in
E. coli under in vitro conditions (23, 25, 26), the regulation of the L-lactate utilization
operon in S. Typhimurium, especially in vivo, remains largely uncharacterized. Our
results from in vitro experiments and murine models of colitis indicate that host-derived
oxygen and L-lactate induce transcription of L-lactate utilization genes, suggesting that
sensing of these host-derived metabolites governs transcriptional control of the /ldPRD
operon.

RESULTS

Oxygen, nitrate, and L-lactate induce lactate utilization genes. To investigate
expression of the S. Typhimurium /[dPRD operon, we first analyzed transcription of
individual genes in response to key host-derived metabolites in vitro. Mucin broth
containing L-lactate or the electron acceptor nitrate was inoculated with an S. Typhi-
murium wild-type strain (IR715). After 3 h of growth under microaerobic or anaerobic
conditions, we extracted bacterial RNA and evaluated transcription of /ldP, IldR, and lldD
by reverse transcription (RT)-quantitative PCR (gqPCR) (Fig. 1). In the absence of exog-
enous electron acceptors, addition of L-lactate alone was insufficient to induce tran-
scription of /ldP, lldR, and lldD. In contrast, addition of the electron acceptors oxygen
and nitrate was sufficient to significantly upregulate expression by more than 10-fold.
Exposure to L-lactate in the presence of oxygen further increased transcription beyond
that induced by the electron acceptor alone, up to about 100-fold over that under
uninduced conditions (Fig. 1). In addition to LIdD, S. Typhimurium expresses a second
respiratory lactate dehydrogenase termed DId (27). Unlike LIdD, DId is specific for
p-lactate (19). Under the conditions tested, dld was not inducible by oxygen, nitrate, or
L-lactate (see Fig. ST in the supplemental material).

Previous reports suggest that under inflammatory conditions, the gut environment
becomes microaerobic (13, 22). We thus analyzed how various levels of oxygenation
affected /ldD transcription with no L-lactate and 20 mM L-lactate in lysogeny broth (LB)
(Fig. 2A). For this experiment, we created a transcriptional fusion of the /ldD gene and
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FIG 1 Analysis of I[dPRD transcription in response to various stimuli in vitro. The S. Typhimurium
wild-type strain and a AlldR mutant strain were grown in mucin broth. Nitrate (NO,~) and L-lactate were
added as indicated at concentrations of 40 mM and 20 mM, respectively. Cultures were grown for 3 h
anaerobically (no electron acceptor and nitrate conditions) or in the presence of 1% oxygen. RNA was
extracted, and IldP (A), lldR (B), and /ldD (C) mRNA levels were assessed by RT-qPCR. Transcription was
normalized to that of the housekeeping gene gmk. All experiments were conducted with at least 3
biological replicates. To determine differences between groups, a two-tailed, unpaired Student’s t test
on In-transformed data was used. Bars indicate the geometric mean = standard error. *, P < 0.05; **,
P < 0.01; ***, P <0.001.

lacZ (CG254), leaving the coding sequence of /ldD intact to avoid any changes in
expression due to the absence of LIdD. We exposed cultures of S. Typhimurium CG254
to 0% (anaerobic), 1% (microaerobic), 8% (tissue oxygenation), and 21% (atmospheric)
oxygen and assessed /ldD transcription in a standard B-galactosidase assay. Increasing
levels of oxygen correlated with increased /ldD expression, with 21% oxygen inducing
the strongest response. Addition of 20 mM L-lactate further increased expression in the
presence of oxygen.

The two-component system ArcAB represses lldD expression in the absence of
oxygen. ArcB is a sensor kinase that detects the redox state of the quinone pool and
phosphorylates the response regulator ArcA. Phosphorylated ArcA then regulates the
transcription of a wide variety of genes (28). In E. coli, the ArcAB two-component system
represses lactate utilization genes (25, 26, 29, 30). In S. Typhimurium, //dP and /ldR were
also found to be repressed under anaerobic conditions in a broad survey of the ArcA
regulatory program (28). We thus hypothesized that ArcAB would also be involved in
the regulation of /ldD. To test this idea, we compared /ldD expression in the wild-type
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FIG 2 Influence of oxygen levels, ArcAB regulation, and CydAB-mediated respiration on /ldD transcrip-
tion. (A) The lldD-lacZ transcriptional reporter strain CG254 (lldD:pCG254) was grown in LB in the
presence of various concentrations of oxygen. The medium was supplemented with 20 mM L-lactate or
mock treated. After 135 min, B-galactosidase activity was quantified. Note that the size of the error bar
is smaller than the symbol representing the geometric mean. (B and C) S. Typhimurium strains CG254
(lldD::pCG254), CG267 (AarcA lldD::pCG254), and CG270 (AcydA IldD::pCG254) were grown anaerobically
(no-oxygen conditions) or with 1% oxygen in LB supplemented with L-lactate, as indicated. After 5 h,
B-galactosidase activity was determined. (B) B-Galactosidase activity in the wild-type background and a
AarcA mutant background. (C) B-Galactosidase activity in the wild-type background and a AcydA mutant
background. All experiments were conducted with at least 3 biological replicates. To determine differ-
ences between groups, a two-tailed, unpaired Student’s t test was applied to the In-transformed data.
Bars indicate the geometric mean = standard error. ***, P < 0.001.

background (CG254) with that in strains which lack ArcA (CG267) or ArcB (CG268). LB
supplemented with and without L-lactate was inoculated with the indicated strains and
incubated anaerobically or microaerobically. Since the AarcA and AarcB mutants dis-
played a slight growth defect under aerobic conditions, the cultures were incubated for
5 h. lldD expression was then evaluated by B-galactosidase assay (Fig. 2B and S2). Under
anaerobic conditions, the wild-type strain had minimal /[dD expression, even in the
presence of L-lactate, while transcription was induced under the oxygenated condition
as well as in the presence of oxygen and L-lactate. In contrast, the transcription of /ldD
in the AarcA and AarcB mutants was derepressed, and induction by oxygen was lost
entirely (Fig. 2B and S2). Of note, these strains still exhibited significant induction by
the addition of L-lactate both in the presence and in the absence of oxygen. Taken
together, these experiments suggest that ArcAB is responsible for transcriptional
repression of S. Typhimurium //dD under anaerobic conditions.

The terminal oxidase CydAB is necessary for lldD expression under microaero-
bic conditions. In our previous study, we found that L-lactate utilization was
dependent on the activity of the terminal oxidase CydAB in vivo (19). ArcB senses
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FIG 3 Analysis of /[dPRD transcription in response to various concentrations of L-lactate and p-lactate. (A)
The lldD-lacZ transcriptional reporter strain CG254 (/ldD:pCG254) was grown in LB for 135 min in the
presence of 1% oxygen with various concentrations of L-lactate or p-lactate. /ldD transcription was
assessed by determination of B-galactosidase activity. The dashed line indicates the B-galactosidase
activity in the absence of lactate. All experiments were conducted with at least 3 biological replicates.
Note that in some instances, the size of the error bar is smaller than the symbol representing the
geometric mean. (B) C57BL/6 mice were treated intragastrically with streptomycin, followed by infection
with the S. Typhimurium AlldD mutant (CG6) 1 day later (Strep + S. Tm). Mock-treated mice (mock)
received water, followed by LB 1 day later. The cecal content was collected 5 days after infection for
lactate quantification by GC-MS. To determine differences between groups, a two-tailed, unpaired
Student’s t test on In-transformed data was used. Bars and symbols indicate the geometric mean =
standard error. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

electron flux via the redox state of the quinone pool (31), and thus, we hypothe-
sized that aerobic respiration would contribute to derepression of //dD. To test this,
we performed B-galactosidase assays as described above using a mutant strain which
lacks the terminal oxidase CydAB (CG270) (Fig. 2C). While the wild-type strain had
increased /ldD transcription with the addition of oxygen and oxygen with -lactate, the
AcydA mutant exhibited no increase in /ldD transcription in the presence of oxygen. Our
data suggest that under microaerobic conditions, the electron flux mediated by CydAB
is sensed by ArcAB, which in turn enables /lldD expression.

Induction of lldD transcription occurs at physiological levels of lactate. In our
previous work, we showed that lactate levels in the murine gut vary considerably (19).
The experiments described thus far have used an initial concentration of 20 mM
L-lactate. To test if lactate utilization genes were still induced in vitro at physiologically
relevant concentrations of L-lactate, we performed a dose-response experiment with
1% oxygen and various concentrations of L-lactate (Fig. 3A). There was a significant,
dose-dependent increase in the level of /ldD transcription over that of the oxygen-only
condition (dashed line) for a large number of L-lactate concentrations ranging from
0.3125 mM to 20 mM L-lactate.

Next, we analyzed the lactate concentrations in the murine gut lumen during S.
Typhimurium infection. Streptomycin-pretreated C57BL/6 mice were intragastrically
inoculated with the S. Typhimurium AlldD mutant, and the lactate concentrations in the
cecal content were quantified by gas chromatography-mass spectrometry (GC-MS).
Consistent with our previous results (19), the lactate concentration in mock-treated
animals (no streptomycin or S. Typhimurium treatment) was approximately 0.6 mM (Fig.
3B). Lactate levels in the Salmonella-infected animals rose to about 11.7 mM (Fig. 3B).
As such, the responsiveness of /ldD transcription to lactate in vitro (Fig. 3A) encom-
passes the relevant in vivo concentrations of lactate (Fig. 3B).

Host cells produce the L-enantiomer of lactate. To determine the potential contri-
bution of p-lactate to the induction of /ldD expression, we repeated this experiment
with various concentrations of the p-enantiomer (Fig. 3A). In contrast to our previous
results with L-lactate, exposure to p-lactate did not increase /lldD expression signifi-
cantly, with the exception of exposure to p-lactate at 20 mM, the highest concentration
tested. The commercially available p-lactate compound is 98% enantiopure, and thus,
the 20 mM p-lactate condition likely contains 0.4 mM L-lactate, which would be suffi-
cient to induce expression. As such, the observed increase in /ldD expression with
20 mM p-lactate was likely a reflection of this impurity (Fig. 3A).
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The transcriptional regulator LIdR enables the response to L-lactate in vitro.
The L-lactate utilization operon includes the putative transcriptional regulator LIdR. In
E. coli, LIdR has been shown to increase transcription of L-lactate utilization genes (23,
25). Given that the L-lactate utilization genes in S. Typhimurium are also inducible by
L-lactate in the presence of electron acceptors, we hypothesized that LIdR could also be
responsible for the increase in lldPD expression in the presence of lactate. To test this,
we evaluated transcription of /ldP and /ldD in a AlldR mutant (Fig. 1A and C, gray bars).
Unlike the wild-type strain, the AlldR mutant was unable to increase transcription of /ldP
and /ldD when L-lactate was added to the medium, even in the presence of oxygen and
nitrate. These data strongly support the idea that the increase in lldPD expression in the
presence of L-lactate is mediated by LIdR.

LIdR mediates //dPD transcription in the murine gut. We next sought to examine
transcription of /IdPRD in vivo in a mouse model of Salmonella infection. One of the
pathological features of nontyphoidal salmonellosis is the development of a neutro-
philic infiltrate into the intestinal mucosa (32, 33). Transmigrated neutrophils and other
leukocytes are frequently detected in the feces of patients (34, 35). The streptomycin-
treated C57BL/6 mouse model has been used extensively by numerous groups as it
allows the reproducible colonization of C57BL/6 mice and neutrophils infiltrate the
intestinal mucosa upon oral S. Typhimurium infection (36). Perturbation of the micro-
biota by streptomycin prior to S. Typhimurium infection ensures the depletion of
Clostridia and leads to lactate production by the host (Fig. 3B) and leakage of oxygen
into the gut lumen (13, 19, 22). Therefore, we initially chose to assess transcription of
genes required for lactate utilization in the streptomycin-treated C57BL/6 mouse
model. To assess how /ldP transcription occurs in the murine cecum, we treated
wild-type C57BL/6 mice with streptomycin sulfate by oral gavage. One day later, we
intragastrically infected mice with an S. Typhimurium wild type (IR715), a AlldR mutant
(CG200), or a AlldD mutant (CG6). Five days after infection, the mice were sacrificed and
the cecal contents were collected for bacterial RNA extraction and RT-gPCR (Fig. 4A to
C). We were initially concerned that members of the gut microbiota express genes
similar to S. Typhimurium /[dPRD, thus possibly interfering with our RT-qPCR assay.
However, no lldR or lldD mRNA was detected in mice infected with the S. Typhimurium
AlldR or AlldD mutant (Fig. 4A to C), respectively, demonstrating that the RT-qPCR
assay is specific for the intended S. Typhimurium mRNA targets. Similarly, no /ldP
transcription was detected in mice infected with a AlldP mutant (Fig. S3). mRNA for
all three genes of the IldPRD operon was detected during S. Typhimurium coloni-
zation of the cecal lumen. Consistent with our in vitro data showing that LIdR is
required for full expression of L-lactate utilization genes in the presence of -lactate,
expression of /ldD was decreased in the AlldR mutant (P < 0.01). A similar trend was
observed for lldP; however, this decrease was not statistically significant. Intriguingly,
IldP and lldR expression increased in the AlldD mutant (Fig. 4A and B). We speculate that
this was due to an accumulation of lactate within the cell, as the AlldD mutant cannot
degrade lactate. To ensure that differences in I[dPRD expression were not due to
attenuation of the mutant strains, we analyzed inflammatory cytokines in cecal tissue,
which revealed significant inflammation in the streptomycin-treated, S. Typhimurium-
infected cecum. Inflammation levels were similar across all groups, with the exception
of mice infected with the AlldD mutant, which exhibited somewhat lower Nos2 and
Cxcl1 expression (Fig. S4).

LIdR is required for optimal fitness in the intestinal tract. We next wanted to
explore the contribution of LIdR to the fitness of S. Typhimurium in vivo. To do this, we
assessed the role of LIdR in Swiss Webster mice. Swiss Webster mice do not require
antibiotic pretreatment to develop neutrophilic inflammation, and thus, the perturba-
tion of the microbiota that occurs is dependent on S. Typhimurium virulence factors
and not direct killing of the microbiota by antibiotics (19). To determine if LIdR provides
a fitness advantage in the murine gut, we performed competitive colonization exper-
iments (Fig. 4D). Groups of Swiss Webster mice were intragastrically inoculated with an
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FIG 4 Effect of LIdR on S. Typhimurium (S. Tm) /ldPRD transcription and fitness in vivo. (A to C) Groups
of wild-type C57BL/6 mice were treated with streptomycin by oral gavage. One day later, animals were
intragastrically infected with the S. Typhimurium wild-type strain (IR715), a AlldD mutant (CG6), or a AlldR
mutant (CG200). Cecal content was collected for RNA extraction 5 days after infection. S. Typhimurium
RNA levels were assessed for IldP (A), lldR (B), and lldD (C). Transcription was normalized to that of S.
Typhimurium 16S rRNA. (D) Swiss Webster mice were inoculated with a 1:1 ratio of an S. Typhimurium
wild-type (WT) strain (AJB715) and a AlldD mutant (CG6) or the wild-type strain (AJB715) and a AlldR
mutant (CG200). Colonic and cecal contents were collected 8 days after infection. Wild-type and mutant
populations were enumerated on selective agar, and the competitive index was calculated. The number
of mice per group (N) is indicated for each bar. To determine differences between groups, a two-tailed,
unpaired Student’s t test was applied to the In-transformed data. Bars are the geometric mean =
standard error. *, P < 0.05; **, P < 0.01; nd, not detected; ns, not significant.

equal ratio of the S. Typhimurium wild type (AJB715) and a AlldD mutant (CG6) or the
S. Typhimurium wild-type (AJB715) and a AlldR mutant (CG200), and the abundance of
these strains in the cecal and colonic contents was determined 8 days after infection.
As we have shown before, the AlldD mutant was recovered in lower numbers than the
wild-type strain. Similarly, LIdR also provided a significant fitness advantage in both the
colon and the cecum contents. The competitive fitnesses for the AlldD mutant and
the AlldR mutant were not significantly different from one another. We also attempted
to analyze the transcription of /[dD in this mouse model. S. Typhimurium gut coloni-
zation was considerably lower in Swiss Webster mice than in streptomycin-treated
C57BL/6 mice, which prevented us from reproducibly quantifying /ldD transcription in
the Swiss Webster mouse model. Collectively, these data suggest that LIdR regulates
L-lactate utilization on the transcriptional level in vivo and that LIdR-mediated regula-
tion contributes to optimal gut colonization.

DISCUSSION

While the majority of Salmonella enterica serovars are associated with gastroenteri-
tis, a subset of serovars causes disseminated disease, such as typhoid and paratyphoid
fever. The genomes of extraintestinal serovars typically exhibit an increased accumu-
lation of pseudogenes compared to the genomes of intestinal serovars (37, 38), which
may reflect adaptations to different niches within the host (39). We have shown
previously that S. Typhimurium exploits changes in host metabolism, such as the
release of oxygen and L-lactate into the gut lumen (Fig. 5) (13, 19). Our data suggest
that the inducibility of the /[dPRD operon by L-lactate may be a specific adaptation to
changes in mammalian L-lactate production during infection with the intestinal Salmo-
nella serovar Typhimurium. Consistent with this idea, /ldP and IlldR were identified to
be pseudogenes in the extraintestinal serovars Salmonella enterica serovar Gallinarum
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FIG 5 Central model of regulation of lactate utilization during S. Typhimurium infection. Refer to the text
for details.

and Salmonella enterica serovar Choleraesuis, respectively (37, 40, 41). Furthermore,
during experimental S. Typhimurium infection of mice, LIdD contributes gut coloniza-
tion but is dispensable for fitness at systemic sites (19).

Our results indicate that the regulation of the /[dPRD operon is stereospecific to
L-lactate. Mammalian cells produce L-lactate (42), whereas members of the microbiota
can produce both isomers (43). Little is known about changes in short-chain fatty acids
and lactate during human salmonellosis. Of note, patients with noninfectious diarrhea
exhibit increased L-lactate levels in the feces (44). Increases in fecal L-lactate in ulcer-
ative colitis are due to augmented excretion by the mucosa (45). In patients with
ulcerative colitis suffering from pancolitis and active Crohn’s disease, the average fecal
L-lactate concentration exceeds 10 mM, whereas it is less than 4 mM in quiescent
patients (44).

Here, we report that induction of the S. Typhimurium L-lactate dehydrogenase LIdD
in vitro occurred at L-lactate concentrations that span the experimentally determined in
vivo lactate concentrations. In contrast, exposure to p-lactate had little effect on /ldD
transcription. Consistent with the idea that L-lactate utilization is an adaptation to the
environment of the inflamed gut, the p-lactate dehydrogenase DId was not inducible
by oxygen, nitrate, or L-lactate. Furthermore, DId activity does not provide a fitness
advantage in the murine gut (19).

Unlike the cytoplasmic lactate dehydrogenase LdhA used during fermentation, LIdD is
membrane bound and donates electrons directly to the quinone pool (46). In the murine
gut, oxygen likely is the terminal electron acceptor for S. Typhimurium L-lactate utilization
(19). Our data showed that oxygen availability and aerobic respiration modulated L-lactate
utilization genes in vitro. Signaling through the respiration-responsive regulatory system
ArcAB was required for repression under anaerobic conditions, when electron acceptors are
not available for coupling with L-lactate conversion to pyruvate. Similarly, the activity of the
terminal oxidase CydAB was essential for expression of L-lactate utilization genes under
microaerobic conditions. This shows a dual function for CydAB during lactate oxidation,
which serves as the terminal electron acceptor and modulates the electron flux that relieves
ArcAB-mediated repression of L-lactate utilization genes. Taken together, our study dem-
onstrates that sensing of host-derived metabolites provides an important cue for a dynamic
transcriptional program that benefits S. Typhimurium in the murine gut through lactate
oxidation and, thus, ensures successful S. Typhimurium outgrowth.
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TABLE 1 Bacterial strains and plasmids used in this study

Infection and Immunity

Strain or plasmid Source or
identifier Description reference
S. Typhimurium strains
IR715 Nalidixic acid-resistant strain of Salmonella enterica serovar Typhimurium 14028S 53
AJB715 IR715 phoN:Kanr 54
CG6 IR715 AlldD 19
CG124 IR715 AcydA 19
CG200 IR715 AlldR This study
CG226 IR715 AlldP This study
CG254 IR715 lldD::pCG254 This study
CG267 IR715 AarcA ldD::pCG254 This study
CG268 IR715 AarcB lldD:pCG254 This study
CG270 IR715 AcydA lldD:pCG254 This study
MW118 IR715 AarcB This study
MW119 IR715 AarcA This study
E. coli strains
DH5a Apir F~ endA1 hsdR17 (ry~ my*) supE44 thi-1 recAT gyrA relA1 A(lacZYA-argF)U169 ¢80dlacZAM15 Apir 55
S17-1 Apir zxx::RP4 2-(Tet":Mu) (Kan":Tn7) Apir 56
Plasmids
pRDH10 ori(R6K) mobRP4 Cm" Tet" sacRB 54
pFUSE ori(R6K) mobRP4 Cm" lacZYA 57
pCG226 Upstream and downstream regions of S. Typhimurium //dP in pRDH10 This study
pCG254 Fragment of /ldD in pFUSE This study
pCG200 Upstream and downstream regions of S. Typhimurium /ldR in pRDH10 This study
pMW195 Upstream and downstream regions of S. Typhimurium arcA in pRDH10 This study
pMW389 Upstream and downstream regions of S. Typhimurium arcB in pRDH10 This study
MATERIALS AND METHODS
Bacterial strains, plasmids, and primers. All bacterial strains and plasmids used in this study are
listed in Table 1. All primers are listed in Tables 2 and 3. S. Typhimurium and E. coli strains were routinely
grown in lysogeny broth (LB; 10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter sodium chloride) and on
LB plates (10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter sodium chloride, 15 g/liter agar) under
aerobic conditions at 37°C. Nalidixic acid (Nal), kanamycin (Kan), and chloramphenicol (Cm) were added
to the media as needed at a concentration of 50 mg/liter, 100 mg/liter, and 15 mg/liter, respectively.
5-Bromo-4-chloro-3-indolylphosphate (X-phos; Chem-Impex) was added to the plates to detect the
activity of the acidic phosphatase PhoN. All plasmids used were created by use of a Gibson Assembly
cloning kit (New England Biolabs). To generate pCG200, pCG226, pMW195, and pMW89, the upstream
and downstream regions of the gene of interest were amplified using Q5 HotStart high-fidelity DNA
polymerase (New England Biolabs). The upstream and downstream regions were then inserted into
Sphl-digested pRDH10 using the Gibson Assembly reaction. All plasmids were sequenced to check for
point mutations prior to mutagenesis. For cloning experiments, the host for suicide plasmids was DH5«
Apir. S17-1 Apir served as the donor strain for conjugation into S. Typhimurium. After conjugation, single
crossovers were selected with LB plates supplemented with Cm. Counterselection was performed by
plating on sucrose plates (5% sucrose, 15 g/liter agar, 8 g/liter nutrient broth base) to check for second
crossover events. This cloning strategy generates clean, unmarked deletions and was used to create
strains CG200, CG226, MW118, and MW119. To generate pCG254, 379 nucleotides of the 3’ end of the
ldD coding sequence (including the stop codon) and 31 nucleotides immediately downstream of the
TABLE 2 Primers and RT-qPCR parameters
Limit of Linear dynamic
quantification  range (no. of Source or
Target Sequences (C; value) copies/pul) reference
IldP 5'-TGCTGGCGTTCGCGTTTATC-3', 5'-CTCTCTACAGGCTACCGCGG-3' 38 2.69 X 108-2.7 This study
IldR 5'-ACCGCTGCCGACAAAGAGAA-3’, 5'-CTTTCATCTGGCGATCGCGG-3’ 37 2.69 X 108-2.7 This study
IldD 5'-TCCGTAACGGGCTGGATGTC-3’, 5'-GAAGGTCGCCATGACCCTGA-3’ 33 2.69 X 108-2.7 This study
did 5'-CCGGAGCAGATCCTGAGCAA-3’, 5'-TTTGAATCTTCCGGCTGCGC-3' 37 2.10 X 108-2.1 This study
gmk 5'-TTGGCAGGGAGGCGTTT-3’, 5'-GCGCGAAGTGCCGTAGTAAT-3’ 34 2.27 X 10°-22.7 58
16S rRNA  5'-CAGAAGAAGCACCGGCTAACTC-3', 5'-GCGCTTTACGCCCAGTAATT-3’ 33 7.21 X 107-72.1 58
Cxcll 5'-TGCACCCAAACCGAAGTCAT-3’, 5'-TTGTCAGAAGCCAGCGTTCAC-3’ 32 4.86 X 107-48.6 59
Nos2 5'-TTGGGTCTTGTTCACTCCACGG-3’, 5'-CCTCTTTCAGGTCACTTTGGTAGG-3’ 37 1.04 X 108-1.04 X 102 60
Tnf 5'-AGCCAGGAGGGAGAACAGAAAC-3’, 5'-CCAGTGAGTGAAAGGGACAGAACC-3" 40 3.2 X 107-32 61
Gapdh 5'-TGTAGACCATGTAGTTGAGGTCA-3’, 5'-AGGTCGGTGTGAACGGATTTG-3’ 40 231 X 108-2.31 X 102 59
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TABLE 3 Primers for mutagenesis
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Target/purpose Sequences

Source or reference

Deletion of S. Typhimurium /ldR 5'-GCCATCTCCTTGCATGTTAACGTTCCGGTACCGTATC-3',
5'-GTTTTAACCTGGATGATTCCGTGAATGATTATTTCA-3,
5'-TTCCGTGAATGATTATTTCAGCAGCCAGCGATTATC-3,
5'-GTCGGCCTGAACGGTCGCCATGCACCATTCCTTG-3'

Deletion of S. Typhimurium arcA 5'-GCCATCTCCTTGCATGCACCGTGCTTAACGAGCGCG-3/,

5'-TTTGGCGCCTGGGCCGAAAAATTGCCA-3/,
5'-GGGCCGAAAAATTGCCAACTAAATCGAAAC-3,

5'-CGTATTGTCGACAGCCAGCATGCACCATTCCTTG-3'
Deletion of S. Typhimurium arcB 5'-GCCATCTCCTTGCATGCTCCACAACGATATCATCAACCGGG-3',

5'-ACCCCGGTCAAACCGGGGTTCCTTCAC-3/,
5'-AACCGGGGTTCCTTCACCACAACTTC-3',

5'-GAAATAGGCCAGATAGCGTTGCATGCACCATTCCTTG-3’
Deletion of S. Typhimurium /ldP 5'-GGGCGCCATCTCCTTGCATGTCGAAGAAGCAAACACTTATAC-3,

5'-GTTCTCAGGAGACCTGCATTGTGATGCC-3',
5'-GAGACCTGCATTGTGATGCCAAAACGCC-3',

5'-CGGAACAACACCAGGCAGCATGCACCATTCCTTGCGGC-3'
Creation of pCG254 5'-GCCGCTCTAGAACTAGTGGATCCCCGGTGTCGAATCACGGCGG-3/,
5'-CTTTATGTACTGCGTGACCGGGAATTCCGATCCGACAAC-3’

This study

This study

This study

This study

This study

stop codon were amplified and cloned into Smal-digested pFUSE. pCG254 was conjugated into IR715,
CG124, MW119, and MW118 as described above to generate the /ldD transcriptional fusion in strains
CG254, CG270, CG267, and CG268, respectively.

Quantification of mMRNA during growth in mucin broth. About 100 mg of mucin (porcine stomach
type II; Sigma) was suspended in 1 ml ethanol, and the mixture was incubated at room temperature
overnight. The ethanol was evaporated in a vacuum centrifuge at 30°C. Dried mucin was resuspended
in no-carbon E medium (0.2 g/liter MgSO,,-7H,0, 3.9 g/liter KH,PO,, 5.0 g/liter anhydrous K,HPO,, 3.5 g/
liter NaNH,HPO,-4H,0) (47, 48) at a final concentration of 0.5% (wt/vol) mucin. Other compounds were
dissolved in water and filter sterilized (pore size, 0.2 um) prior to addition to the complete mucin broth.
Sodium L-lactate (Sigma) and sodium nitrate (Sigma) were added to the media as specified for a final
concentration of 20 mM and 40 mM, respectively. All media were preincubated in an anaerobic chamber
(5% hydrogen, 5% CO,, 90% nitrogen; Sheldon Manufacturing) 1 day prior to inoculation. Five milliliters
of medium was inoculated with 100 ul of an overnight culture of the strains of interest. The cultures were
grown for 3 h in the anaerobic chamber (no electron acceptor condition and nitrate condition) or a
hypoxic cabinet (1% oxygen, 99% nitrogen; Coy Laboratory Products), as indicated in each figure legend.
RNA was extracted using with an Aurum total RNA minikit (Bio-Rad) according to the manufacturer’s
protocol. The RNA was then treated with DNase | (Thermo Fisher) twice according to the manufacturer’s
instructions prior to analysis by RT-qPCR. RNA samples were stored at —80°C.

Preparation of cDNA and qPCR. cDNA was prepared using TagMan reverse transcription reagents
(Thermo Fisher) as described by the manufacturer. Briefly, the reaction mixture was prepared using 2.5 ul
of 10X RT-PCR buffer, 5.5 ul MgCl, (25 mM), 5 ul of deoxynucleoside triphosphates (2.5 mM each), 1.25 ul
of random hexamers (50 uM), 1 ul RNase inhibitor, 0.625 ul of reverse transcriptase, and 9.6 ul of
template RNA. The RNA concentration and the A,4,/A,q, ratio were evaluated. For bacterial RNA samples,
a reaction with RT-PCR buffer, water, and template RNA (no reverse transcriptase) was performed to
quantify contamination with DNA. Samples with more than 5% DNA contamination were excluded from
analysis. The reverse transcription reaction was performed using the following protocol: 10 min at 25°C,
30 min at 48°C, 5 min at 95°C, and 4°C indefinitely. cDNA and no-reverse-transcription controls were
stored at —20°C prior to analysis.

gPCR was performed using SYBR Green (Thermo Fisher) with 2 ul of template DNA and 250 nM each
primer in a final reaction volume of 11 wl. The primer sequences and important experimental parameters are
listed in Table 2. qPCR was performed using a QuantStudio 6 Flex instrument (Thermo Fisher) with the
vendor-supplied, standard SYBR green gPCR protocol. Unless indicated otherwise, the ramp speed was
1.6°C/s. The hold stage was at 50°C for 2 min and 95°C for 10 min. The amplification stage consisted of two
steps, 95°C for 15s and 60°C for 1 min, which were repeated for a total of 40 times. The melt curve was
determined by increasing the temperature from 60°C to 95°C at a speed of 0.05°C/s. A nontemplate control
(water) was run in addition to the samples. Two technical replicates per biological replicate were assayed. Melt
curves for each reaction were evaluated prior to analysis. Data were analyzed using QuantStudio real-time PCR
software (v1.2). Baselines were determined using the baseline threshold algorithm. Data were further analyzed
using the comparative threshold cycle (C;) method for Fig. 1 and 4 and for Fig. S1 and S3 in the supplemental
material in Microsoft Excel software (49). PCR fragments containing known concentrations of the gPCR target
were used to determine the limit of quantification (the C; value for the lowest value in the linear dynamic
range), the linear dynamic range, and the efficiency of the qPCR for bacterial targets. Serial dilutions of
plasmids containing the gene of interest were used to quantify the absolute counts of the target gene in Fig.
S4 and to perform quality control analysis for the gPCR assay (50).

B-Galactosidase assays. Five milliliters of LB supplemented with various concentrations of L- or
p-lactate (Sigma) was preincubated in the anaerobic chamber 1 day prior to inoculation. Overnight
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cultures were grown in the anaerobic chamber (Fig. 2B and C and S2) or aerobically with shaking (Fig.
2A and 3A). The prereduced medium was inoculated with 100 ul of overnight culture and incubated in
the anaerobic chamber (no electron acceptor conditions) or hypoxic cabinet (1% or 8% oxygen
conditions) as indicated for 135 min (Fig. 2A and 3A) or 5 h (Fig. 2B and C and S2). At the end of
incubation, cultures were placed on ice for 20 min and B-galactosidase assays were performed based on
the protocol described by Miller (51). Briefly, the optical density at 600 nm (ODy,,) of the chilled cultures
was taken. One hundred microliters or 500 ul of chilled culture was added to 900 ul or 500 ul of
phosphate-buffered saline (PBS), respectively. Bacterial cells were lysed with 20 ul of 0.1% SDS and 40 ul
of chloroform, vortexed for 10's, and incubated at room temperature for 5 min. Two hundred microliters
of 4 mg/ml o-nitrophenyl-B-p-galactoside (ONPG; Thermo Scientific) was then added to the reaction
mixture. After sufficient yellow color had developed, the reaction was stopped with 500 wl of 1 M Na,CO,
and the time was recorded. The A,,, and A, were taken, and the Miller units were calculated according
to the following equation: relative activity (in Miller units) = 1,000 X {[A,,o — (1.75 X Agso)l/(t X v X
ODgq)}, Where t is time in minutes and v is volume in milliliters.

Mouse experiments. Conventional C57BL/6 and Swiss Webster mice, originally obtained from The
Jackson Laboratory, were bred under specific-pathogen-free conditions in a barrier facility at UT
Southwestern. Both male and female mice (age, 6 to 8 weeks) were used for the experiments, and no
marked differences between male and female mice were observed. All mice were on a 12-h light/12-h
dark cycle and consumed food (Envigo 2919, Teklad Global 16% protein diet, irradiated) and water ad
libitum. All experiments were conducted in accordance with the policies of the Institutional Animal Care
and Use Committee at UT Southwestern.

Streptomycin-treated mouse model of salmonellosis. Wild-type C57BL/6 mice were intragastri-
cally treated with 20 mg of sterile streptomycin sulfate (lot number 1796C493; VWR) in water or mock
treated with water. One day later, the mice were infected intragastrically with 1 X 10> CFU of S.
Typhimurium strains or mock treated with LB. Mice were euthanized 5 days after infection. The cecal
content and cecal tissue were flash frozen in liquid nitrogen for RNA extraction and stored at —80°C. For
analysis of the cecal content by GC-MS, the cecal content was placed in sterile PBS for further analysis.

Swiss Webster mouse model of salmonellosis. Wild-type Swiss Webster mice were intragastrically
inoculated with 1 X 10° CFU of S. Typhimurium by using 5 X 108 CFU of each strain. Mice were sacrificed
at 8 days after infection, and colonic and cecal contents and tissues were collected for analysis. Colonic
and cecal contents were placed in sterile PBS, vortexed, and serially diluted on selective agar to
determine the number of CFU per gram of each strain. Competitive indices were calculated by dividing
the number of CFU per gram of the wild-type strain by the number of CFU per gram of the mutant strain,
corrected by the same ratio in the inoculum. Cecal tissue was flash frozen for later analysis and stored
at —80°C.

RNA extraction from cecal content. Cecal content was collected, flash frozen in liquid nitrogen, and
stored at —80°C. RNA was extracted with the TRI reagent (Molecular Research Center). Briefly, frozen
samples were resuspended in 0.5 ml of TRI reagent and homogenized in a Mini-BeadBeater (BioSpec
Products) twice for 30 s each time. Chloroform (0.1 ml) was then added to the tube, and the tube was
shaken and incubated for 5 min at room temperature. The samples were then centrifuged at 12,000 X g
for 15 min at 4°C. The aqueous-phase supernatant (0.2 ml) was transferred to a new tube. RNA was
precipitated by adding 0.25 ml of isopropanol, followed by incubation at room temperature for 10 min.
Samples were then centrifuged at 12,000 X g for 8 min at 25°C to pellet the RNA. The pellet was then
washed with 0.5 ml of 75% ethanol and centrifuged at 12,000 X g for 5 min at 25°C. The pellet was then
air dried and resuspended in DNase/RNase-free water. RNA preparations were then treated twice with
DNase | (Ambion) prior to use. cDNA preparation and qPCR were performed as described above.

GC-MS quantification of lactate. Lactate measurements were performed as described previously
(19, 52). Cecal contents were collected and placed into sterile PBS. Samples were vortexed for 2 min and
centrifuged at 6,000 X g at 4°C for 15 min. Supernatant was then aliquoted and 50 uM deuterated lactate
(sodium L-lactate-3,3,3-d;; CDN Isotopes) was added as the internal standard. Samples were then
evaporated to dryness in a vacuum centrifuge and stored at —80°C prior to analysis. Standards were
prepared in the same way as the samples with set concentrations of deuterated and nondeuterated
lactate. Samples were then resuspended in pyridine (Sigma), sonicated for 1T min, and incubated at 80°C
for 20 min. Samples were derivatized with N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1%
tert-butyldimethylchlorosilane (Sigma) and incubated for 1 h at 80°C. Samples were then centrifuged at
16,000 X g for 1 min to remove the debris, and 80 ul of supernatant was transferred to autosampler vials.
Analysis was performed using a Shimadzu TQ8040 triple-quadrupole GC-MS. The injection temperature
was 250°C with a split ratio of 1:100 and a volume of 1 ul. An Rtx-5 SilMS fused-silica capillary column
was used with helium as the carrier gas (velocity, 50 cm/s). The oven temperature began at 50°C for 2 min
and rose to 100°C in increments of 20°C per minute, with a hold at 100°C for 3 min. The oven temperature
was then increased to a final temperature of 330°C, rising in increments of 40°C per minute with a final
hold for 3 min. The ion source was used in electron ionization mode (70V, 150 nA, 200°C). Selected ion
monitoring (SIM) and multiple-reaction monitoring (MRM) were used, with the event time being 50 ms.
The following mass spectrometry parameters were used: for lactate-d;, an MRM of 264 > 236 and a
collision energy (CE) of 6 V or an MRM of 264 > 189 and a CE of 8V, and for lactate, an MRM of 267 > 233
and a CE of 6 V or an MRM of 261 > 189 and a CE of 8 V. The m/z used for quantification is italicized. The
recovery of each sample was calculated using the recovery of internal deuterated standards.

Cytokine mRNA quantification from cecal tissue. Inflammatory cytokines were assessed as previ-
ously described (19). Flash-frozen tissue was homogenized with a Mini-BeadBeater (BioSpec Products).
RNA was extracted with the TRI reagent (Molecular Research Center) according to the manufacturer’s
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instructions. RNA was treated with DNase | (Thermo Fisher) following extraction. cDNA preparation and
qPCR were then performed as described above.

Statistical analysis. Data analysis was done in Microsoft Excel (v16.15.5) and GraphPad Prism (v7.0c)

software. All data were transformed with the natural logarithm (In) prior to analysis. The normality of all
transformed data was tested using the D’Agostino-Pearson test (for sample sizes of 8 or more) or the
Shapiro-Wilk test (for less than 8 samples). Data for mice that were euthanized for health reasons prior
to the end of the experiment were excluded from analysis. To determine statistical differences between
groups of mice, a two-tailed, unpaired Student’s t test was applied to the logarithmically transformed
data. To determine statistical differences between wild-type and mutant bacterial populations within the
same animal (competition experiments), a two-tailed, paired Student’s t test was used. P values of less
than 0.05 were considered significant.

SUPPLEMENTAL MATERIAL
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